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Certain glycosaminoglycans (GAGs), including heparin, inhibit infection by murine leukemia virus (MLV).
We now show that this is due to inhibition of virus attachment independent of the interaction between viral
envelope proteins (Env) and their cellular receptors. Heparin blocked the binding of both Env-deficient and
amphotropic MLV (MLV-A) particles to NIH 3T3 fibroblasts, CHO cells which lack the amphotropic retroviral
receptor Pit-2, and CHO cells transfected with Pit-2 (CHO–Pit-2). Heparin also inhibited the transduction of
NIH 3T3 cells by MLV-A over a similar concentration range. This effect was observed within 15 min of exposure
to retrovirus. Preloading target cells with heparin had no effect on transduction and both MLV-A and
Env-deficient retrovirus bound efficiently to heparin-coated agarose beads, suggesting that heparin interacts
with the virus rather than the target cell. This requires both a strong negative charge and a specific structure
since GAGs with different charge and carbohydrate composition inhibited virus infection variably. The spec-
ificity of GAG-virus interaction also depends on the producer cells, since virus packaged by murine
GP�EnvAM12 cells was 1,000-fold more sensitive to inhibition by chondroitin sulfate A than was virus
packaged by human FLYA13 packaging cells. No evidence for an interaction between MLV and cell surface
proteoglycans was found, however, since the attachment of MLV-A and envelope-defective virus to proteogly-
can-deficient CHOpgsA-745 cells was similar to that seen with both wild-type and CHO–Pit-2 cells. Although
the molecular mechanism is unclear, this study presents evidence that Env receptor-independent attachment
is an important step in MLV infection.

The attachment of a number of viruses to the cell surface is
known to involve proteoglycans, which are widely distributed
molecules in which a membrane-linked protein core is post-
translationally modified by the addition of variably charged
sulfated glycosaminoglycans (GAGs) (8). Examples include
enveloped viruses such as the herpesviruses (22, 29, 32), respi-
ratory syncytial virus (12), and human immunodeficiency virus
(21, 24), as well as nonenveloped viruses such as adenovirus
(5), adeno-associated virus (30), and foot-and-mouth disease
virus (9). In most cases, additional receptors are involved in
virus entry so that the absence of surface proteoglycans or
competition by soluble GAGs inhibits rather than abolishes
infectivity. Cell surface proteoglycans may thus serve to con-
centrate virus at the cell surface to increase the efficiency of
interaction with secondary receptors in the same way that they
localize other ligands such as basic fibroblast growth factor
(11).

Infection by murine leukemia viruses (MLV) is mediated by
interaction between the viral envelope protein (Env) and spe-
cific cellular receptors such as the phosphate channel Pit-2, the
receptor for amphotropic MLV (MLV-A) (19, 31). In some
cells, the level of expression of Pit-2 correlates with transduc-
tion efficiency, and this may be an important limiting factor for
human hematopoietic stem cells which express very low levels
of this molecule (13, 16). Although membrane fusion and virus

entry certainly appear to require an interaction between Env
and its cognate cellular receptor, recent evidence suggests that
initial virus binding is Env independent (25). By using a system
in which cell-associated virus was detected by confocal immu-
nofluorescence microscopy for viral capsid, it was demon-
strated that both Env-deficient and ecotropic MLV bound to
cells regardless of whether the cells expressed the ecotropic
receptor. The contribution of such Env-independent attach-
ment to infectivity was not totally clear from this work, al-
though MLV-A poorly infected certain human suspension cells
which adsorbed virus particles less efficiently than adherent cell
lines. Since soluble GAGs have previously been shown to in-
hibit transduction by MLV (1, 2, 14, 15) and since GAG-
mediated interactions are involved in the initial binding of
other viruses to the cell surface, we investigated whether a
similar mechanism is responsible for Env-independent binding
of MLV.

MATERIALS AND METHODS

Cells and materials. Wild-type CHO cells (CHO-WT [CHO-K1]) were ob-
tained from European Collection of Cell Cultures (Porton Down, Wiltshire,
United Kingdom) and CHOpgsA-745 cells (6), and NIH 3T3 fibroblasts were
from the American Type Culture Collection (Bethesda, Md.). Surface proteo-
glycan expression was assessed by flow cytometry by using fluorescein isothio-
cyanate (FITC)-labeled anti-heparan sulfate (CN Biosciences, Nottingham,
United Kingdom) and gating on live cells by propidium iodide exclusion. The
(amphotropic) packaging cell line GP�EnvAM12 and Env-deficient packager
GP 101 were obtained from A. Bank (Columbia University, New York, N.Y.)
(17, 18). The HT1080-based FLYA13 amphotropic packaging cells and their
Env-deficient counterpart have been previously described (4). CHO-WT cells
were transfected with the amphotropic retroviral receptor Pit-2 as previously
reported (16). All cells were maintained at 37°C under 5% CO2 in complete
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medium (CM) comprising Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% fetal calf serum (FCS), penicillin G (100 U/ml), and strepto-
mycin (10 mg/ml; all from Gibco-BRL, Paisley, United Kingdom). LacZ
pseudotypes were generated by transfecting GP�EnvAM12 and FLYA13 with
MFGnlsLacZ, an MLV-based vector containing the �-galactosidase gene linked
to a nuclear localization signal. To collect retroviral supernatant, producer cells
were grown to 90% confluence in 175-cm2 tissue culture flasks, the medium was
removed, and 20 ml of CM added, followed by incubation overnight. The super-
natant was removed, centrifuged at 800 � g for 5 min, filtered through a 0.45-
�m-pore-size filter (Millipore, Watford, United Kingdom), and stored at �80°C.

Clinical-grade preservative-free heparin (Monoparin; 150 U/mg, 9 to 18 kDa)
was obtained from CP Pharmaceuticals (Wrexham, United Kingdom.), and the
chemically modified heparins—i.e., (i) completely desulfated N-acetylated (CD-
SNAc), (ii) completely desulfated N-resulfated (CDSNS), and (iii) N-desulfated
N-acetylated (NDSNAc) heparin—were obtained from Seikagaku, Inc. (AMS
Biotechnology Suppliers, Abingdon, United Kingdom). All other soluble GAGs
were supplied by Sigma (Poole, United Kingdom).

Virus-binding assays. Cells were seeded onto 5-cm plastic tissue culture dishes
at a concentration of 106 cells/dish. After overnight incubation, 2 ml of neat viral
suspension with or without heparin was added for 1 h at 37°C. To assess the effect
of temperature on virus attachment, incubation was in some cases performed at
4°C. Cells were then washed five times with phosphate-buffered saline (PBS),
fixed with 4% paraformaldehyde for 15 min at room temperature, and perme-
abilized with 0.2% Triton X-100 for 15 min at room temperature. Samples were
then washed with PBS and incubated with anti-RLV P30 antibody (Quality
Biotech, Inc., Camden, N.J.) diluted 1/3,000 for 45 min at room temperature.
Samples were washed three times with PBS, incubated with a 1/200 dilution of
FITC-labeled anti-goat secondary antibody (Jackson ImmunoResearch, Inc.,
Luton, United Kingdom) for 45 min at room temperature, and extensively
washed with PBS. After a final wash with distilled water, samples were mounted
with immunofluorescence mounting medium (Dako, Ely, United Kingdom) and
analyzed by confocal microscopy (an MRC 1024 microscope equipped with a
krypton-argon laser; Bio-Rad, Hemel Hempstead, United Kingdom). Parallel
sections perpendicular to the z axis were acquired every 0.5 �m. All pictures were
obtained by using Kalman filtration and analyzed with Lasersharp software
(Bio-Rad). The images shown were obtained by superimposing multiple perpen-
dicular sections of the cells. A semiquantitative assessment of virion binding was
derived by assessing the number of particles per cell. The results represent the
mean � the standard error of the mean from at least three cells.

The binding of Env-SU to CHO-WT cells and CHO–Pit-2 transfectants was
assessed by flow cytometry as previously described (16). Briefly, cells were de-
tached from the plastic by using EDTA, exposed to retroviral preparations for
1 h at 37°C, and incubated with anti-Env-SU (83A25; L. Evans, Rocky Mountain
Laboratory, Hamilton, Mont.) after they were washed to remove excess virus.
Cell-associated virus and soluble Env-SU were detected by using a 1:100 dilution
of goat anti-rat F(ab)2 fragment conjugated to phycoerythrin (Immunotech, High
Wycombe, United Kingdom). The possibility that autofluorescence of bound
retrovirus was responsible for any of the signal obtained in these studies was
excluded by preliminary experiments with ecotropic retrovirus which gave a
signal similar to that of medium alone (data not shown); this was therefore used
as a convenient and reproducible negative control. Env binding was measured by
flow cytometry (EPICS Elite; Coulter Electronics, Luton, United Kingdom),
excluding nonviable cells by TOPRO-5 uptake (Molecular Probes). Listmode
data was analyzed by using FlowJo software (Tree Star, Inc., Stanford, Calif.)

Effect of heparin on retroviral transduction. To measure the percent trans-
duction by LacZ pseudotypes, NIH 3T3 cells were seeded at 5 � 103 per well in
48-well plates and incubated overnight to allow adherence. Medium was re-
moved, and the cells were incubated with retroviral supernatant containing
preservative-free clinical-grade heparin or other soluble GAGs for 72 h prior to
staining with X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside). After
the celles were washed and fixed with PBS containing 0.5% glutaraldehyde,
X-Gal stain (X-Gal, 1 mg/ml; sodium deoxycholate, 0.01%; NP-40, 0.02%;
MgCl2, 2 mM; potassium ferricyanide, 5 mM; potassium ferrocyanide, 5 mM
[Sigma]) was added for 4 h at 37°C and then replaced with PBS containing 1 �g
of propidium iodide/ml. The total cell number per high-power field was esti-
mated on a fluorescent microscope, and the percent transduction was assessed by
counting the number of blue cells under visible light. The effect of delayed
addition of heparin and other GAGs was assessed in the same way.

The impact of heparin on viral titer was measured by endpoint dilution (26).
NIH 3T3 cells were seeded at 2.5 � 103 per well in 96-well plates and incubated
overnight. Heparin was added at doses of 100 to 0 U/ml to retroviral superna-
tants which were serially diluted in CM to give a range of concentrations from
neat virus to 1:10�8. Dilutions of virus were added to the target cells, and the

plates were incubated for 72 h and then stained for �-galactosidase expression as
described above. The percentage of uninfected wells was measured, and the
numbers of infectious units/milliliter were calculated with a Microsoft Excel
spreadsheet (23). In some experiments cells were preloaded with heparin prior to
measuring the viral titer by incubating them with 100 U of heparin or diluent
control/ml for 1 h at 37°C, followed by washing with PBS.

Effect of heparin on cell proliferation. In case heparin-mediated inhibition of
transduction was due to an effect on the cell cycle, we measured the incorpora-
tion of [3H]thymidine into NIH 3T3 cells in the presence of various concentra-
tions of heparin. NIH 3T3 cells were seeded at 2 � 103 per well in a 96-well plate.
After 24 h of incubation, heparin or other soluble GAGs were added at various
concentrations, [3H]thymidine (1 �Ci/well) was added after a further 48 h, and
the cells were harvested and counted in a liquid scintillation counter (Wallac,
Cambridge, United Kingdom) 18 h later.

Binding of retrovirus to heparin-coated agarose beads. Heparin-coated aga-
rose beads (approximate diameter, 10 �m; Sigma) were washed twice in PBS and
once in DMEM. Washed beads (0.5 ml) were then added to 10 ml of MLV-A or
Env-defective MLV retroviral supernatant made in CM with 2% FCS and incu-
bated with mixing for 12 h at 4°C in the presence or absence of 100 U of soluble
heparin/ml. The agarose beads were washed twice in plain DMEM and once in
PBS and then resuspended in an equal volume of 2� sample buffer (4% [wt/vol]
sodium dodecyl sulfate [SDS], 0.15 M dithiothreitol, 20% [vol/vol] glycerol, 0.1%
[wt/vol] bromophenol blue). The samples were boiled for 5 min and stored at
�70°C prior to analysis by SDS-polyacrylamide gel electrophoresis. After semi-
dry electrotransfer to a nitrocellulose membrane (Hybond C; Amersham), the
samples were probed with a goat polyclonal antibody to the viral capsid protein
(anti-RLV P30; Quality Biotech) and a mouse anti-goat second layer conjugated
to horseradish peroxidase (Dako). Proteins were detected by using enhanced
chemoluminescence (Amersham) and autoradiography.

The heparin-agarose binding experiments were also performed with a lysate of
retrovirus. A total of 10 ml of MLV-A and Env-deficient MLV suspension
containing 2% FCS was pelleted in an ultracentrifuge by using a Beckman
SW41Ti rotor at 100,000 � g for 90 min at 4°C. Supernatant was removed, and
the virus pellet was resuspended in 100 �l of lysis buffer containing antiproteo-
lytic agents (50 mM HEPES buffer [pH 7.5], 100 mM NaCl, 1% [vol/vol] Triton
X-100, 1 mM concentrations each of EDTA and EGTA, 1 mM Pefabloc [Roche,
Lewes, United Kingdom], and 10 �g of aprotinin, pepstatin, and leupeptin/ml [all
from Sigma]). A 10-�l aliquot of the lysate was retained and added to an equal
volume of 2� sample buffer and then boiled and stored as previously described.
The remainder was made up to 10 ml in PBS and added to 0.5 ml of washed
heparin-agarose beads with protease inhibitors and processed in the presence or
absence of heparin as described above.

RESULTS

The effect of soluble GAGs on transduction by MLV-A is
packaging cell dependent. In keeping with previous reports (1,
2, 14, 15), soluble heparin potently inhibited the transduction
of NIH 3T3 cells by MLV-A (Fig. 1). Other GAGs had a
variable effect; the completely uncharged GAG CDSNAc hep-
arin had no effect on transduction, whereas the partially
charged NDSNAc heparin had a reduced effect. Heparan and
keratan sulfates, which are both sulfated and negatively
charged, were, however, completely without effect, indicating
that the inhibitory effect of GAGs on transduction is mediated
by both electrostatic charge and the sequence of the carbohy-
drate backbone.

When the effect of GAGs on virus packaged by different cell
types was compared, marked differences were evident. For
example, virus packaged by the murine AM12 cells was 1,000
times more sensitive to chondroitin sulfate A than virus pack-
aged by human FLY cells. Significant differences were also
seen in the sensitivity to NDSNAc heparin and CDSNS hep-
arin, with AM12 virus being more sensitive to inhibition than
FLY-derived retrovirus. Thus, the factor(s) responsible for
GAG-mediated inhibition of transduction derives at least in
part from the packaging cell. In contrast, dextran sulfate was
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more efficient on FLY-derived virus, suggesting that there is a
qualitative rather than a quantitative difference between the
GAG interacting factors from the two cell types.

To determine whether soluble GAGs inhibit transduction
through an interaction with the virus or the target cell, we
compared the infectivity of NIH 3T3 cells that had been pre-
incubated with heparin with those that had been incubated
with diluent alone. No difference in titer was observed for
three separate preparations of retrovirus (Table 1), suggesting
that GAGs exert their effect on transduction through an inter-
action with the virus and not the target cell surface.

Soluble GAGs inhibit an early event in transduction by
MLV-A. To further elucidate the mechanism by which GAGs
inhibit transduction, we performed time course experiments in
which the addition of GAGs to the virus supernatant and
target cells was delayed (Fig. 2A). These experiments revealed
that the inhibitory effect of heparin was confined to the first
hour after the addition of virus to the cells. Similar findings
were observed with dextran sulfate, and the effect was not cell
type specific since the transduction of CHO–Pit-2 cells was
inhibited in a similar fashion. Preincubation of retrovirus with
GAGs prior to addition to target cells did not alter the effect
on transduction (data not shown). Since cell proliferation is
required for the integration of MLV genome (20, 27) and
GAGs have been reported to inhibit proliferation (8), we in-
vestigated their effect on [3H]thymidine incorporation in the
cells used in these experiments. Although at the very highest
doses some reduction of [3H]thymidine incorporation was ob-
served, over the range in which transduction was inhibited,
there was no effect (Fig. 2B).

FIG. 1. Effect of heparin and other GAGs on transduction of NIH 3T3 cells with MLV vector MFGnlsLacZ produced in either murine
GP�EnvAM12 (——) or human FLYA13 (– – –) amphotropic packaging cells.

TABLE 1. Effect on retroviral titer of target cell pretreatment
with heparina

Pretreatment (U/ml) Mean IU/ml (SEM) n P

Heparin (100) 4.33 � 107 (1.37 � 107) 3 0.44
Mock 2.29 � 107 (0.82 � 107) 3

a IU, infectious units; n, number of experiments.
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Env-independent attachment of MLV is strongly inhibited
by soluble heparin. Since heparin and other soluble GAGs
inhibit an early event in the transduction process, we investi-
gated whether this was due to interference with virus binding
to the cell surface. This was assessed by two methods; a flow
cytometric assay that uses a monoclonal antibody to the SU
component of the Env protein (16) and confocal immunoflu-
orescence microscopy with an antibody to the viral capsid (CA)
(25). The former detects the binding of both virus-associated
and soluble SU to the MLV receptor and thus cannot measure
attachment of Env-deficient virus, whereas the latter allows
any intact cell-associated virions to be visualized.

Flow cytometric analyses of Env-SU binding showed depen-
dence on PiT-2 expression since there was a large shift in the
CHO–Pit-2 cells but not in the CHO-WT cells (Fig. 3). This is
consistent with previous data demonstrating that when “virus”
binding is measured in this way, the signal is largely due to
soluble rather than to virus-associated Env-SU (25). The small
shift in CHO-WT cells, which is probably due to the binding of
MLV-A particles, was abolished in the presence of heparin.
Only a slight reduction in the Env-SU signal was observed in
CHO–Pit-2 cells, suggesting that heparin inhibits the binding
of virus particles but not free Env-SU. Accordingly, we hypoth-
esized that heparin might be interfering with the attachment of
virus particles and investigated this possibility by confocal mi-
croscopy. This revealed that soluble heparin inhibits the bind-
ing of both MLV-A and Env-deficient virus to NIH 3T3 fibro-
blasts, receptor-deficient CHO-WT cells and the CHO–Pit-2
transfectant (Fig. 4). These observations confirm previous
studies (25) showing that attachment of MLV-A is indepen-
dent of the presence of both Env and its cognate receptor Pit-2
and further demonstrate that such Env-independent attach-
ment is inhibited by soluble GAGs such as heparin.

Since it could be argued that the binding of virus for an hour
at 37°C might allow significant internalization to occur, virus
attachment to NIH 3T3 fibroblasts was measured at 4 and
37°C. In keeping with previous results (25), the binding of virus
particles was similar at both temperatures for NIH 3T3, CHO-
WT, and CHO–Pit-2 cells, indicating that the assay predomi-
nantly detects cell surface rather than internalized virus (Table
2). The fact that the attachment of Env-deficient virus, which
cannot enter the cell by membrane fusion, was broadly similar
to MLV-A further supports the view that the assay mainly
detects virions at the cell surface.

The effect of heparin on attachment was extremely potent
with a similar dose-response relationship to the inhibition of
transduction (Fig. 5). If we assume equilibrium conditions, an
average molecular mass for heparin of 12.5 kDa, and an activ-
ity of 150 U/mg, the 50% inhibitory dose for both the inhibition
of transduction of 0.01 to 0.001 U/ml equates to a Kd for the
interaction between heparin and the virus of 5.3 to 0.53 �M.
There was also a correlation between the potency of the effect
of other GAGs on transduction and attachment. At a dose of
0.6 �g/ml, CDSNS heparin reduced transduction to 93% �
3.7% and binding to 80% � 4%, whereas the more potent
GAG dextran sulfate reduced transduction and attachment to
11.4% � 3.4% and 17% � 11%, respectively, at the same
concentration.

Env-independent binding of MLV to heparin. To further
characterize the interaction between virus and GAGs, the
binding of retrovirus to heparin was directly studied by using
agarose beads coated with heparin. Beads were used to capture
and precipitate virus particles, which were then analyzed by
Western blotting with anti-RLV p30 antibody. Heparin-coated
beads captured both MLV-A and Env-deficient viral particles
with similar efficiency (Fig. 6). No virus was captured when
excess soluble heparin was added to the virus suspension or
when control beads coated with collagen were used. Only in-
tact virions were capable of binding to heparin since no capsid
was detected when heparin-coated beads were exposed to a
lysate of virus particles. These results prove that MLV virus

FIG. 2. (A) Effect of delayed addition of heparin on retroviral
transduction. Heparin-mediated inhibition of transduction mainly oc-
curred during the 30 min after initial exposure to the viral supernatant.
There was no observable effect when the addition of heparin was
delayed by more than 100 min. Symbols: F, NIH 3T3 � heparin; �,
NIH 3T3 � dextran sulfate; E, CHO–Pit-2 plus heparin. (B) Effect of
heparin on the proliferation of NIH 3T3 fibroblasts as assessed by
measuring the incorporation of [3H]thymidine. An effect on prolifer-
ation was only observed at heparin concentrations of �100 U/ml, far
above the levels that inhibited transduction. Symbols: E, CHO–Pit-2
plus heparin; F, NIH 3T3 � heparin; �, NIH 3T3 � dextran sulfate;
�, NIH 3T3 plus chondroitin sulfate.
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particles can directly interact with heparin by an Env-indepen-
dent mechanism.

Attachment of MLV to proteoglycan-deficient cells. Since a
number of other viruses have been shown to interact with cell
surface proteoglycans, we studied the attachment of MLV to
proteoglycan-deficient CHOpgsA-745 cells (6), which com-
pletely lack these molecules because of a deficiency of xylose
transferase, the enzyme responsible for initiating their biosyn-
thesis. Proteoglycan deficiency was confirmed by staining with
an FITC-conjugated antibody to heparan sulfate (data not
shown). Contrary to expectations, the attachment of both
MLV-A and Env-deficient virus to CHO-WT and CHOpgsA-
745 cells was similar, and both were inhibited in the presence
of excess soluble heparin (Fig. 7B). This result suggests that
although GAG binding sites are present on the virus surface,

cell surface proteoglycans are not involved in Env-independent
attachment of MLV to CHO cells.

DISCUSSION

Retroviral infection is initiated by adsorption of the virus
particle to the cell surface and fusion of the viral lipid bilayer
membrane with that of the target cell. Membrane fusion de-
pends on the presence of the viral envelope protein (Env), a
trimeric molecule with a surface (SU) and a transmembrane
component, and a specific cellular receptor (7). Although virus
entry and infection clearly require the presence of Env and its
receptor, we have recently shown that Env-deficient viral par-
ticles attach to cells with the same efficiency as virus bearing
the amphotropic envelope (MLV-A) (25). The results pre-

FIG. 3. Effect of heparin (100 U/ml) on the binding of MLV-A to CHO-WT cells and CHO–Pit-2 transfectants as measured by staining for SU
and flow cytometry. A total of 10,000 viable cells were analyzed. % of Max, percentage of the maximum event number. Some virus binding to
CHO-WT cells was observed with a mean channel fluorescence (MCF) of 1.32 compared to an MCF of 0.28 in the absence of virus. The binding
of MLV-A to CHO–Pit-2 transfectants was much more efficient, with an MCF of 7.8 compared to and MCF of 0.25 in the absence of virus. Heparin
reduced the binding of MLV-A to both CHO-WT and CHO–Pit-2 cells by a similar amount (the MCF was reduced in the presence of heparin
by 0.97 for CHO-WT and by 1.81 for CHO–Pit-2), a result compatible with an effect on Env-independent virus binding.
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FIG. 4. Binding of MLV-A and Env-deficient retrovirus to NIH 3T3 fibroblasts, CHO-WT cells, and CHO–Pit-2 transfectants as measured by
confocal immunofluorescence microscopy. The virus binds to all cell types regardless of the presence of Env or the level of expression of its cognate
receptor, Pit-2. In each case, marked inhibition of attachment by soluble heparin (100 U/ml) is seen.
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sented here show that heparin and other soluble GAGs inhibit
both transduction and Env-independent attachment to the cell
surface. Several lines of evidence suggest that the effects on
transduction are a consequence of the inhibition of attach-
ment. Transduction experiments in which the addition of hep-
arin was delayed showed that the inhibitory effects are confined
to the first hour of the infection process. A striking correlation
between the potency with which GAGs inhibit transduction
and their effect on attachment was also noted. Heparin inhibits
transduction and attachment over a similar concentration
range with a 50% effective concentration for both effects of
between 0.01 and 0.001 U/ml. The same is true for other
soluble GAGs; dextran sulfate, which strongly inhibits trans-
duction, is also a potent inhibitor of attachment, whereas CD-
SNS heparin shows weak activity in both respects. Finally, the
inhibition of both transduction and attachment involve an in-
teraction between soluble GAGs and packaging-cell-derived
factor(s) that are distinct from the viral Env protein. Direct
binding of virus to GAGs was confirmed by experiments show-
ing Env-independent binding of MLV to heparin-coated aga-
rose beads. Taken together, these findings suggest that the
mechanism by which GAGs inhibit attachment and transduc-
tion is through competition for packaging-cell-derived GAG
binding factors on the virus surface. Unlike other viruses, how-
ever, the ligand for these molecules does not appear to be cell
surface proteoglycan, since Env-independent attachment of

MLV to proteoglycan-deficient CHOpgsA-745 and CHO-WT
cells was similar.

It could be argued that the effects of GAGs in the attach-
ment and transduction assays are nonspecific, since these mol-
ecules have a strong negative charge and might interfere with
these processes through purely electrostatic effects. There is
evidence that charge is a factor in the interaction between the
virus and GAGs since there was a broad correlation between
the degree of sulfation and inhibition of transduction. The
sequence of the carbohydrate backbone of the GAG also in-
fluenced the interaction, however, with some charged mole-
cules such as heparan and keratan sulfate having little or no
effect on transduction. The different patterns of sensitivity to
GAG-mediated inhibition of virus derived from human and
murine packaging cells presumably reflect the incorporation of
different GAG-binding molecules into virus derived from dif-
ferent species, and this provides further evidence for specificity
in the interaction. Finally, the concentration of heparin that
inhibits both attachment and transduction at between 0.01 and
0.001 U/ml equates to a Kd in the micromolar range, a result
similar to that observed for other specific interactions involving
GAGs, such as that between heparin and antithrombin-3 (28).

As previously noted (25), there was a marked disparity in the
results of virus-binding assays with antibodies to Env and viral
capsid. Only a small proportion of virus binding was inhibited
by heparin when anti-SU was used to detect bound virus,
whereas confocal immunofluorescence detection of viral cap-
sid revealed a much more marked effect. The Env signal was
strongly influenced by the overexpression of Pit-2 (16),
whereas the confocal assay detected similar binding regardless
of the level of expression of Pit-2 by the target cell or the
presence of Env on the virus. The most likely explanation for
these findings is that the assay with anti-SU predominantly
detects soluble SU, with only a small heparin-sensitive propor-
tion attributable to virus-associated SU. Conversely, the con-
focal capsid assay detects only intact virus bound to the cell by
Env-independent mechanisms that are almost completely in-
hibited by excess soluble heparin.

These results shed new light on the mechanism of infection
by oncoretroviruses and have a number of implications for the
design of gene therapy vectors and protocols. The finding that
the inhibition of transduction is a consequence of the inhibi-
tion of attachment strongly suggests that Env-independent in-
teractions of the virus with the cell surface are an important
factor in virus entry. Interestingly, even at the highest concen-
tration of heparin, inhibition of transduction was not complete
with low level but consistent infection in all cell lines studied.
This implies that the role of GAG-mediated interactions is to
increase the efficiency of infection, possibly by concentrating
virus at the cell surface, where binding of Env to its receptor
would be more likely. This view is in keeping with other sys-
tems, such as that of basic fibroblast growth factor (11), in
which GAGs serve to localize ligand at the cell surface, facil-
itating subsequent binding to the primary receptor.

The observation that there are differences in the interaction
between GAGs and virus from different packaging cells sug-
gests that virus tropism might be influenced by cellular factors
rather than molecules encoded by the virus itself. Studies of a
neuropathogenic variant of Friend MLV have recently shown
that central nervous system tropism can be conferred by hep-

FIG. 5. Dose-response relationship for heparin-mediated inhibi-
tion of retroviral attachment to NIH 3T3 cells compared to the effect
on transduction. An effect of heparin on attachment was seen at
concentrations similar to those required for the inhibition of transduc-
tion, with a 50% inhibitory concentration of between 0.001 and 0.01
U/ml.

TABLE 2. Effect of temperature on the binding of MLV-A

Cell type Heparina

Virions/cell at:

4°C 37°C

Mean SEM Mean SEM

CHO-WT � 75 6.75 73.3 8.84
CHO-WT � 9 4.42 7.7 2.9
CHO–Pit-2 � 68.7 10.8 70 10.3
CHO–Pit-2 � 8.3 1.1
NIH 3T3 � 70 1 82.3 19.6
NIH 3T3 � 11.3 3.9 8.3 2.9

a With (�) or without (�) 100 U of heparin/ml.
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arin-binding structures (10). In this case, heparin-binding ac-
tivity was mapped to a glutamine-to-lysine mutation in the
receptor-binding domain of the envelope protein. Interest-
ingly, infectivity was enhanced in the presence of low concen-
trations but was inhibited by high levels of heparin, suggesting
that heparin serves as a molecular bridge between GAG-bind-
ing domains on the virus and cell surface. Precedents for such
a mechanism include Chlamydia trachomatis (33) and Leish-

mania donovani (3) promastigotes, both of which attach to the
cell surface through such a GAG bridge. The possibility is
further supported by previous work showing that careful titra-
tion of the concentrations of Polybrene and soluble GAGs can
enhance infection by MLV-A by up to 72% (15). The same
mechanism might also explain our observation that Env-inde-
pendent attachment to CHO-WT and the proteoglycan-defi-
cient mutant CHOpgsA-745 are similar. Thus, soluble GAGs

FIG. 6. Binding of MLV-A and Env-deficient retrovirus to heparin-agarose and collagen-agarose beads. Supernatants of MLV-A and Env-
deficient retrovirus was incubated with heparin- or collagen-coated beads in the presence or absence of excess soluble heparin, and agarose-bound
virus was detected by SDS-polyacrylamide gel electrophoresis and Western blotting for the capsid protein. Specific binding of Env-deficient and
amphotropic MLV to heparin but not to collagen was observed. There was no binding of virus lysate (bottom panel), confirming that the
heparin-binding activity is present in the virus membrane. MLV-A, supernatant of FLYA13 packaging cells transfected with MFGnlsLacZ genome;
Env�, supernatant of Env-deficient counterpart of same producer cell line; Hep/agarose, virus bound to heparin-agarose beads; Col/agarose, virus
bound to collagen-agarose beads.
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FIG. 7. Effect of heparin on the attachment of amphotropic or Env-deficient MLV to CHO-WT or to proteoglycan-deficient CHOpgsA-745
cells. Virus binding to wild-type and proteoglycan-deficient CHO cells was equivalent in the absence of heparin (Hep�) and was similarly inhibited
in the presence of 100 U of heparin/ml (Hep�).
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secreted by packaging or target cells might form a bridge be-
tween packaging-cell-derived GAG-binding factors on the vi-
rus and similar molecules on the target cell membrane. This
model predicts that at the low concentrations similar to those
produced by most cells, soluble GAGs should enhance virus
attachment and transduction, whereas high levels would be
inhibitory by blocking binding sites on the virus and cell sur-
faces.

In summary, we have shown that heparin-sensitive interac-
tions mediate Env-independent attachment of MLV and that
this process influences the efficiency of infection. Although the
molecules responsible for these events have not been identified
in here, viral particles possess a heparin-binding activity that
derives from the host cell membrane.
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